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PLUTONIUH NETAL AND ALLOY PREPARATION BY HOLTEN CHLORIDE REDUCTION

JAMES G. REAVIS

Nateria]s Science and Technology Division, Los Alamos National Laboratory,
Los Alamos NH, 87545

Introduction

The pressure vessel or “bomb” ❑ethod of preparation of plutonium

3) was first introduced in 1945.meLal (1, ~, ~ PluLonium fluoride is mixed with

excess calcium and a “booster” of calcium and iodine and hea~ed in a ceramic

crucible in a scaled pressure vessel to (“onvert the plutonium to the mrtollic

form. This ❑ethod of metal production continurs Lo he used quite succt!ssfully

titLhe prcscuL Lime. IL is less WCI1 known LhaL plutonium Lrichloridc WSIS rih-

ducrd wiLh good yields by Lhr. samr lcchnique during the 1945 pro-css dcvciopmclll.

Thr trtl.lfluoridr wiiS chosen for routine meLnl produrlion in prrf-rrrnrt. to LIIr

(.lll(ll”idr brrnusr yirlds werr *I igh[Iy higl)cr in the fluoridr fiystrrnund t)C”C.illlS(m

111~. (“lllori[lr ;lllKorllr41 wfitcr mu~.h rnor(, rn!~idly. “f%r prcsru<-r of wnlrI. durill~

r(”(lll(.1ion 01 ~lw.Knit xigni fi(.:111~Iy rrdu(.rstll(.yirld. f)ll:rrmrlllo~ls01 lJllilo-

Ililnn m(.lu I pr41{lIIt.1ion lI:Ivr herIl flrmtMIsI rnlrflt 1,111,,oIIt. tl,lv{. r(.t.c.iv,.fl wi(lf. ;,I-,.t.lI-

IJllll”f. .1s ll:Ifi IIm lloml~ Iv’tlOlt.l it)ll of iflr f Ill., Ii(l(..

“1’wi~$ifiilif i(.nlll I)r-olllrms nl.r rllt.olll)trrocl ill 14:;r of llIc’ l~llltt)llionn lf.l;lf Illtil.itlf.

rt.(llli”[ ii~il. [)11(, I IIlr::f’ i:: [lIr lur~r nlnnl~rr t)l IIr IIl I IIII:; grllrr:llfwl by [11(. ,lll)lln -
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reasonably high yield of plutonium ❑etal but not red~lcesone of the more reactive

impurities. Other goals were operation at lower temperatures, and simultaneous

preparation of alloys during reduction.

Thermochemical ConsideraLions—. —. .

As a first approximation, one may predict equilibrium ccncentraLions and

eflergy release of a chemical reaction by comparing the free energies of formaLicn

of the reactants and the producLs. Table I il a list of approximate free cnt-rgies

of formaLion of compountis encountered in ‘educLion of plutonium, either as rrdur-

tants or impurities. lt can br seen from values lIsLcd in t-his Lahulation lhat

the reduction of plutonium tct-rafluoride by culcium will resulL in zclease of” much

more energy (37 kc~l/g-at.om of f]uorinr) than wi II the reduction of the chloride

by calcium (19 kcal/g-atom of chlorinr). Thus . whi Ic thr fluoridr rr:lclion mns[

hr cO[ldIIcLd in a s[rcl prrssurr vrssrl I.ocontuin Lhis vigorolls re;lt”liol],:1 loss

~turdy ronttiinrr wi I1 t-oilLn]il ttir chlot’idc redllclion.
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as a container. It can be seen from Table 1 that the ❑ost stable oxides are

those of calcium and thorium, but c~lcium oxide ct=ramics cleterioriate if exposed

t.o ❑oist. air, and thorium oxide is a source of thorium impurity which is very dif-

ficult to separate from plutonium. In sumamry, free energies of formation are

useful in the selection of reactants and containers, but many other fact~rs ❑usL

also be considered.

Experiments k’rocdures

All of [he experiment describrd here are reductions of plut.oniuratrich16ride

either as the purr molten salt., in so]uLion with molt.rn sodium chloride, or in

~iLhium rhlorirh=-pot.assium chloride ellLecLi(.. Tllr rrdur~ants used were sodium,

calcium, magnrsium, lanthanum or cerium. Thr upparatus ucrd for all rcdurt ions

i; shown in Fig. 1. It. consisted of’ n qutirtz furnncr tulm (50

{.1osM1 ;Il Lhr top hy u ncoprcnr slol)prr prlmtratrd Ity u qlmrl.z

n LIIIM’ toI” CV:l(.U;lI1o11,11)(1hn(.k[ i I I in~ wi[ll nrgo,~, JIII(I n qtlnrlx

nnndinm) thnt wns

thorm[.ouplc well,

r(vlll[.l:lnta(ldilion

Tlllf.c. cli [ lf. If.111 t“rdlt.ii~lf. mot (’l”in I s wf. t r. II:; f.11. 1{(.4111

l:IIIlnlllnl ~;lvf. 111(. I)f.::1 yif. l(lf; 01 (’on lv!<(’(~(1 Illll[{lllilllu, 1)111

I f.t cIvf. I”fvl (IIIIV IIV if.. I( Ililtp, IIWn V I !IQ. fin I t .111(1 f.xt (.!;!; I #.1111{

111(.Itlo(hl(-1 (’1)111(1 11(.

:1[11 Wl[ll W:ltf.1” {s1 Ill 1111 {.
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products. Plutonium yields were generally slightly lower for reductions performed

in these crucibles because of formation of small metal beads and an occasional

“grey salt” ]hase. Quartz crucibles were generally found to be unsatisfactory

because of reaction with the reductant or product.

To perform reductions, the salL containing 10-20 g plutonium in the form

of the chloride was placed in a crucible which had been previously outgassed in-

vacuo at the anticipated reduction temperature. The loaded crucilllewas quickly.—.

transferred to the quartz furnace tube, and the tube was closed and evzcuated.

When the reciuctantaddition sidearm was to be used, the furnce cube was filled

with argon, the sidearm removed, loaded with reductant, replaced, and the system

was again evacuated. The furnace tube was placed in the resistance-heaL9vl fur-

nat.rand evacuation was generally continued until the salt was ❑olten. Evacua-

t-ionwas Lhcn discontinued, argon was admitted to a pressure slightly below am-

bicnl , and brat ing wns continurd until the desired reduction temp=raturr (up to

850’’(1)W:lS rril{”llCd. The rcdurt_anL was ;hen ciLhrr ridded slowly illthe rasc

l~igh rvcrgy rrlrasr rrnit ICIIIS, or quickly i-or low t“ucrgy rclensr rcncL.ions.

syslrm W:IS hrld nt this Lemprrature for a i(”wminulcs and Lhc I“urnaccpower
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hydrogen chloride for times of up to

and filtered through sintered quartz

d

one hour, then sparged buifely with argon,

filters (~). Salts prepared in this way were

stored under argon in desiccators until needed for use.

The reductant.swere added in a variety of shapes. Calcium was used as gran-

ules and as rods having diameters in the range of 3 mm to 10 am. Sodium was in-

troduced as cubes .easuring approximately 1 cm on each edge. I.anthanum and cerium

~~ereused as bars having cross sections of about 5 USJIby 5 mUJ- flagnesium and cer-

ium-cobalt alloys were used as rods with diameters of about 5 OSIJ.Surfacer. of the

bars and rods were cut under argon tc remove any discoloration or oxide coating.

Qualitative evaluations of resulLs of reducLior! experiments are listed in

Table II. Reductions by granular calcium gave generally Rood resu]Ls, but.thr

addition of a calcium rod suspended by a molyhdenllm rod ccIIld not br controlled

exacL]y eJ?9ugh to pr(’vent sf!vrre spatL(*ring of Lhr saiL and rrackillg ui rernm;r

crucihlrs. tieducLioll~ I}y sodilml product-d pllltnniurn m(’lil! powdvr nn(lsonicSlllill I

shot . Magnesium rm.iuclions of”plutonium t-hloridr-20 wI% sodium rhloridr t.tjnlaill-

i]]g lanLhiinilm JIJi(i rrrium (.hloritlrx hnvill~ l.il(;l:l/]’tJcl
3

:Ind (1(.(11 . /t’11(1 I . molr J_;I[ i(l:;
J .1

01 nhoJIl 0.03 pro(.f’(i(k:(l (juif. ( Iy, 1)11[ g:]vf~ plutonium yirl~ls of oIIly nlN~llt 3:)% wlI(.11

only 41 sl ight c*xccsfj of magJlcsium wns IISWI. Ullrll 24!)%(“X(-(”*::m:lllgesilml wa:; 1:s(’[1,

nl)oIll 62% 01 lhr Illutollilml w:l:~ J.rtilltv’(!. it(.1:11 Ivr i:IIIII;II\IIm ;III(I t.rl”lllm t“{III{.cII-

1r:l: i(lll:: ill thr mrlr.1 1)1tIcIIIt.[ wrrv lowr I 111:111ill III(. CIrigill;ll :;:lil 1)~ lil(.tt)l”~; (11

10 to 1(10. ]Jllltll; llllln; 1“(’dll(’f iOll S I?J’(1(.vVII(’CI:nllot~[illy mIfl lJIIMIII(f’tl K(IIIII yirltl:; wIl II

fiomr srltnt.ul i~lJl (~1 ~.ri illm I It}m 111111~lllilml. (:~.I ilml :111(1t.(.lilllll-t.{)1}:111 (II 1(IV l“(.(lll{-

[ i{~ll:; [Jl”o(v’lvh’d timj)olhl~ :111(1 pl(lthl(”r(l K(WI ,Vif.111:: 01 :11 It}y:; wil II i) lllltllllllm.
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QWW-tative Ev~luation of the~ost promising Reductions

Results of the reductions by granular calcium are shown in Table III.

In reductions 1-1 through 1-5 the salt which was reduced was pure plutonium tri-

chloride. These results are L-ken as an indication that the pure trichloride can

be reduced to produce acceptable yields by reduction with 25% excess calcium if

the reducLinn temperature is ❑aintained high enough. The temperature of this sys-

tem ❑ust be ❑aintained well above the melting points of PuC13 (769°C) and CaC”12

(782UC) long enough for the plutonium to coalesce into a regulus or butLon. The

low yield of reduction 1-5 is probably due to the low maxim- temperature. In re-

ductions 2-1 through 2-9 the plutonium was put. into the sysLcm as a mixture (prc-

mel Led and filtered as n molten sail solution) of pJut.onium trichloridc with 20

w~% Sodium c.hloridr. The eutt”ctic Lt=mpcraLurr ill Lhis sysl.rrn is 450°C alId 111(s

J iquidus i~ about 480°. Th~ liquidus of lhr producl oj”reduclio[l (c;ll(.iurn

(-tllt>ri(ir-so{Iitlm chloridr) is :Jbou~520°C. “I”llcsrlow Iiiluidus I.rml)cr;llllres :11-

low rcducliolls to hf. rOIIdIIL-ld JII mltcll low(oI” tfwnprrnturcs. This is slIowII I]y tli(.

~oo(l yif.lfl {)1’ rf.tlu(.[ it :1 2- I .

lhlut.t ions 2-f) [llr~~llRh 2-(J SIN)W (hf. r(.suits of rc.dll~”l i{)ll t)i I)llltf)l)illm

t.lllc)l”itlf.-:;f)(lillln f“lllf~ri(lt’ I)y nd(lil ion ~11 llf.:lt”-slf)it.llif)m4.t rit- mnt~IIIIl s <~1 t“~I It”ilml.

Tllr yif’l~l:; [If-r Sf’clh (t) h{” Vf.l”y 11001”.” This illili~”ntf.s rfvlll{.1 itill (JI lhr (.111(11 iflt.

I.f :}tl(lil it~ll 01 :+llll::(i~it”lli{tnlc’1 l“ic” :mlttlljll :; ol t“nlt”illm ill JIII ;1[ Ifmq)l 10 :;(’II; II”:II 1. 11111 -

;lI.t”f”lIl nlIly Iliy,ll

( (, I 111111:111(1 :1111(.1’

II I rfllli II. :: I)! III

Ill,. (70 Wl% ::(MIIIIIII

lf.nlllf.l:lllllf.:: IIIItl

l)l”() (’(.!::: [11:11

1111[ 1(.(”(iv{’iv

(.11011 Till.
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decontamination factors for cerium in reductions 3-3 and 3-4 are of interest for

separation of plutonium and rare ●arth fission products. It is also interesting

to note that although excess lanthanum was suspended in the molten salt, the con-

centration of this metal in the plutonium product is only 0.13 wt%.

The results of reduction of plutonium trichloride (20 wt% sodium chloride) by

heating with cerium to 675°C are shown in Table V. The low yield of reduction 4-3

is thought to have been taused by use of a lower temperature of reaction (655°C).

Since cerium readily alloys with p~utoniurn, it is not likely that high plutonium

yields can be achievrd in this system unless a product containing ::everalper

cenl of cerium is acceptable. lanthanum trichloride was present illthe salt puL

into the rr!flu[.tior~at conccnLraLions Gufficienl Lo prtlducc concenLraLions of 3-5

Wt% in Lhc nwL.al product jf if were reduced. TIm r!econLhminaLioll facLors ob-

::~rvc(l ,lrt~ of” n magni t II(I(’ tll:lL is of inleres[ irlprocesses uscd to scp;lrate plu-

Louium f ran rnrr c~lrLhr+al this cont”rnLral ion levrl .

Itvsullx 01’ rr(lucliosls oi pluloriillrn Chloritlr (20 w[~ sodillrn rllloridt~)l}y;lfl-

dilioll ol”n crrium-12. 1 ill% t-ot)lntnltoy :lr(*Kilowllill‘1’;llcVi. ‘HI(”~o:llof [114’s(.

rrdllt-1ion:;W;lS fo l~rrl~.urr:120 :11% l)l~llorlilln)-(J/.!) nt % rvrilm-12.5 at % f-t)-

1):11[ ;11 toys ill I“rtlIIt.1 i~);l:; !)-1 tl)r.,{1~115-T~:111(I;I50 :1~% l~llllollillnl-~)i.!~~ f-tsr-

illm-ll?.’.:11% <“fllwlt;11l(Iy ill rf.d:lt.l i(lll 5-4. “1’II(Q ;vslllt s !JI tllr:; r r(.tlll(.[ it)l)s

I ~li (.;I[ r [lIf. lIIxl(”f*ss mny lM. 1(.n::il)l(..

sllnnll:l I“y

S:II i:;ln(.l{)ly Ic’cl!l(’l i[lll t)l m{)llf”lI Illlll{)llilm I rii.lllt)l.iflf. ([)111-(, ;II141 ill (-tmd)ill: l.-

[ if}[l with 2(} wl~ s(I{I;.1111 {.lll(jl.i{l{.) Ily (.:11(.ilm, 1:111111:11111111, :Illtl {.cI”ilml 11:1.S 111.f~I) tlIvIIc) II-.

!:l:l[ {’(1 1)11 111(. l(t..~ ::(”:11(.. “1’lIf. Vi f.l,l:; wI. I.I. ::; II i::f~ll.ltjly It)l’ [11 i:: :: 1.:11(. 1)1 i)lIt.I.lll ic)ll

111141 il i :: illcli:.11(.~1 I 11:11 I lIf ’::f. 1“(.cIIII.I ic911:: m;Iy lM. ll::(. 1111 I(II Intp.(, ::(”:11/’ {I II(”1 ,11 14)11::.
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Significant separations of plutonium from rare earth impurities was demonstrated

for lanthanum and cerium reductions. Preparation of plutonium-cerium and pluto-

nium-cerium-cobalt alloys during r=duction was aiso demonstrated.



TABLE I

Fluoride——

CaF2

LiF

LaF3

CaF2

NaF

ngF*

PuF3

A1F3

PuF4

FREE ENERGIES OF FORMATION ON SELECTED FLUORIDES

CHLORIDES, AND OXIDES Al’ 1000 K

(Values stated in kcal per gram-atom of anion)

-AF Chioride -AF Oxide

125 KC1 81 CaO

122 CaC12 78 Th02

121 NaCl 76 CezOs

120 LaC13 67 BeO

112 ce!cl~ 66 ngo

111 Pucl~ 59 A1203

107 flgcl~ 58 PUZ03

89 HC1 24 Sif)z

88 cocl~ 23 1120

AF

127

123

122

120

118

10!)

109

8:1

46



TABLE II

QUALITATIVE RESULTS OF REDUCTION EKPERINENTS

Salt Reduc:ant

Pucl~(loo%; Ca, granular, 25% excess

PuC13-20 wt% NaCi Ca, granular, 25% excess

Cap granuiar, no excess

Ca, rod, 5 mandiam

Na

ng

La

Ca

Cc-Co

PuC13-65 wt% (LiC1-KCl) Na

PuC13-NaCl-CoClz Ce

lwsu]:rs:

(I) High yivld of c~ill~~~ed PII mcl.al

Result

(1)

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(?)

(4)

(7)

(2) t’oor yield, bul SigIlifiCillll s(.paration 01” Pu f“rom l.a and Cr

(3J Poor yirld; rcaclion vrry difficllll Lo ronlrol

(4) Poor vicld; 1’11produc L wtisa pow(lrr

(!})Vt’ry l,~wyirl(ls; siglli[iranl scparatiun of PII trt)m 1.0 au(l [:(.

(f,) (;,MN1 yif.l(ls; si~llili(”alll scpdralil)n frol ‘It.; lt~w 1A toll~” in !’11

(/) (;ofltl yi~’lils t}i I}illnt”y or lcrII:lI.y allnys.



No. a—.

1-1

1-2

1-3

1-4

1-5

2-1

2-2

2-3

2-4

2-5

2-(,

2-7

2-8

y-()

Nt}[~’:.

Pu,&

25

11

17

16

22

13

10

20

9

12

I()

In

I:)

12

II . ‘HI(” *: I I I

TABLE 111

RESULTS OF REDUCTION OF PLUTONIUM TRIC1lLORIDE

BY CALCIUM

Ca
Excess

25%

25%

25%

25%

25’L

25%

25%

2!;%

25’%

25%

-1%

1%

-2:

0%

Cruc ~.bleb.- —

Ta

Ta

19g0-TiOz

14g0-Ti02

flgO-Tj02

Tn

Tit

Flg(b”l’ i 02

tlgo-’~ i 02

FIR()-T i 02

flgo-’l” i 02

Mgo-”l’ i ox”

“1”;1

‘1”:1

Ca
Addition
T=, ‘Cc

7:1-850

770-790

757-785

745-780

770-894

700-71s

700-74!)

:)20-565

!)/!l-5flo

2.!)

‘)I!)-050”

!):)()-:)/!)

/()()-/:1!)

(,()()-/lo

11)1- Srl-ir:i I wax loo% l’!l(: 1:, illlll 111;11

Max

, OcT

850

855

850

340

8(M

715

720

H(N)

H’lo

8“10

Hi!;

N!)!)

H:)()

08,8,

Pu
Yield,

%——— Rt:marks,—-—.. ..-

[

1!

II

II

1111 !irli~.s ;’ W;l:; 1{() Wly. l’.ll :1:,



1’ABLEIII Notes Continued——

c. The temperature range is due to heating by the energy released during re-

action.

d. A metal fog was observed in Me producL salL. lt probably was due to the lbw

maximum system temperature.

t?. The Pu product was analyzed for Ca and Ta. ResulLs: 0.02% ‘l’a;0.12% Ca.

i. The Pu producL was ana~yzed for Ca, tigand Ti. Results: J.O]% Cd; 0.02% M;

0.1% Ti.

~. ‘l’he calcium and SUIL were mixed ML room LempcraLurc ancl healed.

h . SoJLs for bnLches 2-8 and 2-9 conLained sufficient I,aC13 and CcCl:t 10 Iorm n

~tl metal i)rt>dllcl col!Laining 3,2 wl% of’ Cm:I(-ll. TllrI’llmrtnl wtis fOIIII(l [[I f.{lII-

iil ill ‘0.07~ Iii /111(1 0.02% C(! in R(’(111(.l iolt 2-(J, ;)11(! 1. 1% I.n mId I .6% (I(* ill Kc*-

dItct ioil 2-/.



;ABLE IV———.

RESULTS OF REDUCTION OF PIJJTONIUtlCIILORIDE

BY LAl!Tl!!NUfl

Time at Pu Cone. ~n
CJ?C13, 700°c , Yield lhLLon, WL% Ct?a

No. Pu& w ‘& Min. % I.a CC DF— —— ——— . —.— —.-. --

3-1 14 0 15 91 <().0()7 --- --

3-2 20 0 25 q() 0.27 --- --

3-3 15 3.5 35 (J4 ().09 0.38 10

3-4 11 2.3 35 ()j 0. 1-/ ().(W 27



TABLE V

RESULTS OF REDUCTIONS OF PLUTONIUH TRICIILORIDE -

20 ~ SOl_)lUN CHLORIDE BY CER[:JM

PU
Yield Button CompJ’ b’

No. h ~~. ... . . % Ct’lwt.% hi, -Wly, IW..—— .-.-—.. ...-.— ... . .

4-1 15 93
~1 <O.()!I >:15

4-2 18 91 16 ~.-)y SO

4-3 1() 88 14 ().04 110

4-4 16 9() 1.”1 <()-:)/, >7:}(;

4_5 1h {)() 2.6 <2.() >2/,(]

xn II d i v i drd hy t 11i h rnt i{) i II I III. 11111t 011 l}r{~tlll[x.{1 .



RESULTS OF

SODIU?9

TABLE VI———---. .

REDUCTIONS OF PLUTONlliflTRICIH.ORJDE -

CHLORIDE BY CERII.M-COBALT ALLOYS

Pll
Max Temp, Time al Yield, htt:l.~n ~oml),;~l%

No. .yl!,g Oc Trm~}jMin ...% ““””J’lJ cl” co-----.. .—. -.
5-1 7

715 ..- ~-...
98 20.7 60.6 “i2./

5-2 6 560 40 q] lg.~ 61.4 12.8

5-:1 7 645 10 91 lgo~ 61.8 “12.8

5-4 1(J 715 Is ():] 40.3 37.8 12.9
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